We report on the measurement of the neutron radiation hardness of silicon photomultipliers (SiPMs) manufactured by Hamamatsu Corporation in Japan and SensL in Ireland. Samples from both companies were irradiated by neutrons created by a 1 GeV electron beam hitting a thin lead target at Jefferson Lab Hall A. More tests regarding the temperature dependence of the neutron radiation damage and self-annealing were performed on Hamamatsu SiPMs using a calibrated Am-Be neutron source from the Jefferson Lab Radiation Control group. As the result of irradiation both dark current and dark rate increase linearly as a function of the 1 MeV equivalent neutron fluence and a temperature dependent self-annealing effect is observed.
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* Corresponding author Email address: yqiang@jlab.org (Yi Qiang) 1 An early irradiation test on SiPMs using a series of high activity Cs-137 sources in Jefferson Lab showed that SiPMs are insensitive to electromagnetic radiation and there was no significant change in performance of SiPMs up to 2 krads of gamma irradiation. 260 keV, respectively, they will start to generate Frenkel pairs The defects will effect silicon detector's performance in var- 
37
The radiation damage of neutrons to Silicon detectors has 38 been extensively summarized in the literature. In this paper, we 2 A preproduction unit of S10943-0258(X) MPPC with 50 µm pixels, equivalent to new S12045. 3 A SPMArray unit based on ceramic design with 35 µm pixels -Wafer Batch Code X4151-05 using SPM3035 design. SiPMs received in both cases.
82
As a result, we determined that the two SiPMs in Hall A re- 
90
The same code predicts that the 3.7 × 10 9 n eq /cm 2 fluence will 
Self-Annealing

119
Following the delivery of an intense prompt dose of radia-120 tion, one finds that not all damage to the lattice is permanent.
121
So we studied the response of the sensors as they rested with- 
161
The test consists of the following steps as shown in Fig. 11 : The recovery curves at various temperatures are shown in Fig. 12 , 13 and 14. The uncertainties in these plots only include the estimated uncertainty of the current measurement, 15 nA, while the variation among individual units is not included since it has no impact on the fit of the recovery time constant. The data are fitted with a simple exponential decay function with a constant baseline offset:
where b is the baseline dark current after annealing, a is the 205 recoverable damage and τ is the time constant. 
217
The temperature dependence of the recovery time constants can be described by an exponential curve
as plotted in Fig. 15 . can not be clearly identified given the variation of individual 225 units.
226
As already discussed, the damage will further recover if
227
higher temperature is applied later. In order to see whether the increase in the dark current was found.
232
The two units which were always kept at −5 • C during the 
Relation between Dark Rate and Dark Current and Their
246
Temperature Dependence
247
What was being measured all the time is the dark current, 248 but it is the dark rate which actually affects the performance of SiPM. The histogram was fitted by a convolution of a discrete distribution function and a gaussian function.
where A 0 is the normalization factor. The discrete distribution,
262
P(n|µ, ∆µ), represents the probability that the number of pixels 263 fired is equal to n, and it contains two Poisson distributions with 264 one for the primary pixels fired and the other for the total of 265 cross talk or after pulses [12] caused by the primary pixel:
where µ is the average number of primary pixels fired and ∆µ is the average number of pixels fired around the primary pixel due 5 Their serial numbers are 1853, 1854 and 1855. to cross talk and after pulses. The Gaussian function, Gaus(x|n· G + ped, σ n ),represents the distribution of the charge with the number of pixels fired equal to n. G is the total gain 6 in ADC channels and ped is the ADC pedestal value. The width, σ n , is equal to
where σ ped is the width of the pedestal and σ sig is the intrinsic 
272
The absolute gain of SiPMs was calculated by dividing the 283 Fig. 20 shows the correlation between the dark current and the dark rate, and the dark current has been corrected for the deviation of the gain to the average value. The correlation is well described by a linear function:
The slope corresponds to an average gain of 1.19 × 10 6 which 284 is about 42% higher than the actual gain. Part of the mis- well.
294 Fig. 22 shows the temperature dependence of the dark rate before and after the neutron irradiation. The dependence is exponential in the measured temperature range and the change of the temperature coefficient caused by the radiation damage is 7 In retrospect, we realize that a longer gate width may have allowed a more accurate determination of the extracted dark rate from the fit. 
Such a behavior provides the motivation to cool SiPMs during 295 beam time in Hall D to reduce the dark rate. 
Summary
297
We measured the neutron radiation damage to SiPMs using 298 neutrons generated by an electron beam at Jefferson Lab and a
299
AmBe neutron source. We further studied the temperature de-300 pendence of the radiation damage and other properties includ-
301
ing dark rate, dark current and damage recovery. We found that 
